The effect of wilting on proline synthesis, proline oxidation, and protein synthesis-all of which contribute to proline accumulation-was deter- Wilting caused an increased conversion of glutamate to other products. In nonstarved leaves, conversion to organic acids as well as to proline was increased. In starved leaves, wilting caused an increase in the conversion of glutamate to glutamine, aspartate, asparagine, and organic acids.
Wilted leaves from nonstarved plants accumulated proline at the rate of about I ,umole per hour per gram of fresh weight whereas wilted leaves from starved plants accumulated very Uttle proline. Wilting caused a 40-fold stimulation of proline synthesis from glutamate in nonstarved leaves but had very little effect in starved leaves. Proline oxidation and protein synthesis, on the other hand, were inhibited by wilting in both nonstarved and starved leaves. Thus, the role of carbohydrates in proline accumulation is to supply precursors for the stimulated proline synthesis. These results further indicate that the main metabolic response causing proline to accumulate in wilted barley leaves is the stimulation of proline synthesis from glutamate. The difference between these results and those obtained with beans is discussed.
Wilting caused an increased conversion of glutamate to other products. In nonstarved leaves, conversion to organic acids as well as to proline was increased. In starved leaves, wilting caused an increase in the conversion of glutamate to glutamine, aspartate, asparagine, and organic acids.
The carbohydrate requirement for proline accumulation in wilted leaves was originally observed in turnip leaves (18) and later in barley (8) . Those results were interpreted to mean that carbon and hydrogen atoms for proline accumulation were supplied by carbohydrate and the supply of these was lacking in starved leaves. However, no direct evidence for this interpretation is available. In bean leaves, the carbohydrate requirement also has been observed (14) but in bean leaves carbohydrates inhibit proline oxidation and there is a smaller requirement for precursors because proline accumulation is about 10-fold slower (15) than in barley. Thus, the carbohydrate requirement for proline accumulation in bean can be attributed to its role in inhibiting proline oxidation (12, 14) .
Proline accumulation in wilted barley leaves is primarily due to the stimulation of proline synthesis from glutamate (4, 17) . Water stress also causes an inhibition of proline oxidation (17) and decreased protein synthesis both of which contribute to proline accumulation but cannot' be solely responsible for it. Wilting causes a loss of end product inhibition by proline (2) and a loss of compartmentation separating proline synthesis from proline oxidation is apparent (16 (14) . Wilting of excised leaves (16) , addition of radioactive compounds (4, 17) , extraction in methanol-chloroform-water (1), TLC (4, 17) and determination of radioactivity (16) (9) .
RESULTS
Proline accumulation in nonstarved and starved wilted barley leaves is shown in Figure 1 . Nonstarved leaves accumulate proline at the rate of about 1 ,umol/hr * g (Fig. IA) The radioactivity recovered in metabolic products of glutamate excluding proline (i.e. Asp, Asn, Gln, Ala, -y-aminobutyrate, and organic acids) is shown in Figure 3 . Glutamate is converted very rapidly to these metabolites when added through the cut end as indicated by about 20%/o of the 14C converted by the first sampling time which was about 15 min after starting to add the label. In turgid starved leaves, there was less 14C recovered in these compounds compared to turgid nonstarved leaves. However, in wilted starved leaves there was considerably more 14C recovered in these compounds than either starved or nonstarved turgid leaves. Wilting had no effect on the amount of 14C in these products in nonstarved leaves. It can be seen from the data in Table I that wilting affected the distribution of label in these products differently in nonstarved and starved leaves. In nonstarved leaves, wilting inhibited the conversion of glutamate to glutamine and aspartate but stimulated the conversion to organic acids. The conversion to alanine and -y-aminobutyrate was not affected by wilting and very little label was recovered in asparagine. On the (0) and turgid (0) barley leaves excised from nonstarved (A) and starved (B) seedlings. Leaves were wilted as indicated in Figure 1 . L-[U-'4CJproline was supplied through the cut end in 5 ,l containing 200,000 dpm (specific radioactivity 2 x 106 dpm/,umol). All of the added radioactivity was recovered and the amounts were similar except for small differences due to differences in uptake.
maize roots (7) . Similar effects of wilting and starvation in barley were observed when proline oxidation was measured by loss of 3H from [5-3H] proline to H20 (6, 16).
The incorporation of proline into protein is shown in Figure 5 . Wilting inhibited protein synthesis in both nonstarved and starved leaves in spite of the fact that protein synthesis was much slower in turgid starved leaves than turgid nonstarved leaves. Therefore the inhibition of protein synthesis by wilting does not require the presence of carbohydrates. Even though dilution of I14C]proline can account for some of the wilting effect, calculation of actual rates of proline synthesis has previously shown protein synthesis to be inhibited by wilting (14) . DISCUSSION Proline synthesis, proline oxidation, and protein synthesis are the metabolic processes that are affected by wilting causing proline to accumulate in barley leaves. Of these, only the stimulation of proline synthesis from glutamate requires the presence of high levels of carbohydrates in the leaves. These results confirm the previous interpretation ofthe role of carbohydrates in water stressinduced proline accumulation: they supply the needed precursors (carbon and hydrogens) for proline synthesis (8, 18) . The fact that 40o of the "4C still remained in glutamate in the wilted starved leaves after 5 hr suggests that the carbohydrates are necessary to supply the hydrogens or reducing power for proline synthesis.
Since proline does not accumulate in starved leaves the results further support the conclusion (4, 17) that the main metabolic response to water stress which causes proline to accumulate in barley is the stimulation of proline synthesis from glutamate. Inhibition of proline oxidation and protein synthesis may contribute to proline accumulation but cannot be solely responsible for it.
The results with barley are different from those obtained with bean in two respects. First, in bean carbohydrates inhibited proline oxidation (12) but wilting did not (14) . Second, in bean wilting stimulated proline synthesis in both starved and nonstarved leaves (14) . These comparisons add to the previously discussed differences in the mechanism causing proline to accumulate in bean and barley (15) . Those experiments showed that in wilted bean leaves, ornithine and arginine serve as precursors to proline in addition to glutamate (15) but in wilted barley a stimulation of the conversion of ornithine and arginine to proline is only a consequence of wilting (3) . The water stress-induced stimulation of the conversion of glutamate to other metabolic products in starved leaves suggests that wilting causes more rapid loss of label from glutamate in barley. Previous results suggest a decrease in the level of glutamate due to wilting in both turnip (11) and barley (9) . In nonstarved leaves, this stimulation was reflected in increased organic acid labeling. The decrease in recovery of label in glutamine and aspartate could be interpreted as resulting from nitrogen being used for proline synthesis. In starved leaves when proline synthesis is negligible, there was increased labeling of glutamine, aspartate, asparagine as well as organic acids. This effect of wilting on glutamate metabolism deserves further study because it is a key compound in nitrogen metabolism.
The greater amount of label from glutamate converted to asparagine in starved leaves compared to nonstarved leaves and less converted to glutamine is consistent with the results of Steward and Durzan (10) . Those experiments indicated that glutamine levels were higher in leaves in light and when undergoing rapid growth whereas asparagine levels were higher in darkness and when undergoing slow growth. In these experiments, the effect is a result of starvation and represents an experimental system that could be used to study regulation of amide metabolism in short term experiments. 
